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Abstract 
A large range of biodegradable polymers are used in many products with short life cycle. Important applications of these are 
found in the biomedical field, where biodegradable materials are used to produce scaffolds that temporarily replace the 
biomechanical functions of a biologic tissue, while it progressively regenerates its capacities. However, the mechanical behavior 
of biodegradable materials along its degradation time, which is an important aspect of the project, is still an unexplored subject. 
In this work, hyper elastic constitutive models, such as the Neo-Hookean, the Mooney-Rivlin modified and the second reduced 
order are discussed. These can be used to predict the mechanical behavior of a blend composed of polylatic acid (PLA) and 
polycaprolactone (PCL). A numerical approach using ABAQUS® is presented, where the material properties of the model 
proposal are automatically updated in correspondence to the degradation time, by means of a User Material subroutine (UMAT). 
The parameterization of the material model proposal for different degradation times were achieved by fitting the theoretical 
curves with the experimental data of tensile tests. The material model proposal implemented in a subroutine could be used as a 
design toll for generic biodegradable devices.
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1. Introduction 
There are many biodegradable polymers commercially available to produce a wide variety of plastic products, 
each of them with suitable properties according to the application. Many examples can be found in the medical field, 
ranging from biodegradable sutures [1], pins and screws for orthopedic surgery [2], local drug delivery devices [3], 
tissue engineering scaffolds [4], biodegradable ligaments [5], biodegradable endovascular [6] and urethral stents [7]. 
However the design process is slight more complex, because it must contemplate the biocompatibility issues and the 
functional aspect related to mechanical considerations.  In terms of mechanical dimensioning, one must consider the 
short-term strength and stiffness of the device, but also the long-term mechanical behavior and consider the 
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mechanical degradation. This degradation is traditionally defined as the time-dependent cumulative irreversible 
damage, such as fatigue or creep damage, but in the case of degradable devices, must also account with the 
degradation due to hydrolysis. In this work, important considerations will be elucidated about the long-term 
prediction of the mechanical behavior of a biodegradable product, using constitutive models.  
1.1. Biodegradable Polymers 
Biodegradable polymers can be classified as either naturally derived polymers or synthetic polymers. A large 
range of mechanical properties and degradation rates are possible among these polymers. However, each of these 
may have some shortcomings which restrict its use in a specific application, due to inappropriate stiffness or 
degradation rate. Blending, copolymerization or composite techniques are extremely promising approaches which 
can be used to tune the original mechanical and degradation properties of the polymers [8] according to the 
application requirements. The most popular and important class of biodegradable synthetic polymers are aliphatic 
polyesters, such as polylactic acid (PLLA and PDLA), polyglycolic acid (PGA), polycaprolactone (PCL), 
polyhydoxyalkanoates (PHA’s) and polyethylene oxide (PEO) among others. They can be processed as other 
thermoplastic materials. 
The poly-Į-hydroxyesters, PLA, PGA and their copolymers are the most popular aliphatic polyesters that have 
been synthesized for more than 30 years. The left-handed (L-lactide) and right-handed (D-lactide) are the two 
enantiomeric forms of PLA, with PDLA having a much higher degradation rate than PLLA. An intensive overview 
was done by Auras et. al. [9]. PLLA is a rather brittle polymer with a low degradation rate, and compounding with 
PCL is frequently employed to improve mechanical properties. PCL is also hydrophobic with a low degradation 
rate, much more ductile than PLA [10]. PGA, since it is a hydrophilic material presents a high degradation rate. The 
combination of PGA with PLA is usually employed to tune degradation rate [11]. Polyhydoxyalkanoates (PHA’s) is 
the largest class of aliphatic polyesters, comprising poly 3-hydroxybutyrate (PHB), copolymers of 3-
hydroxybutyrate and 3-hydroxyvalerate (PHBV), poly 4-hydroxybutyrate (P4HB), copolymers of 3-hydroxybutyrate 
and 3-hydroxyhexanoate (PHBHHx) and poly 3-hydroxyoctanoate (PHO) and its blends. The changing PHA 
compositions also allow favorable mechanical properties and degradation times within desirable time frames [12]. 
Natural polymers used in biodegradable products include starch, collagen, silk, alginate, agarose, chitosan, fibrin, 
cellulosic, hyaluronic acid-based materials, among others. New biodegradable material solutions are still arising.   
1.2. Hydrolytic Degradation 
All biodegradable polymers contain hydrolysable or oxydable bonds. This makes the material sensitive to 
moisture, heat, light and also mechanical stress. These different types of polymer degradation (photo, thermal, 
mechanical and chemical degradation) can be present alone or combined, working synergistically to the degradation. 
Usually the most important degradation mechanism of biodegradable polymers is chemical degradation via 
hydrolysis or enzyme-catalysed hydrolysis [13]. The chemical bonds of the macromolecular skeleton of can go 
through hydrolysis in the presence of water molecules, leading to chain scissions. In the case of aliphatic polyesters 
this scissions occur at the ester groups. According to Farrar and Gilson [14], the following equation describes the 
hydrolytic process:  
Mnt=Mn0*e
-ut= Mnt*e
-kEwt  (1) 
where u is the medium hydrolysis rate of the material , k is the hydrolysis rate constant, and the ester 
concentration (E) and the water concentration (w) are constant in the early stages of the reaction. In addition, water 
is spread out uniformly in the sample volume (no diffusion control). Hydrolysis rates are affected by the temperature 
or mechanical stress, molecular structure, ester group density as well as by the degradation media used. The 
crystalline degree may be a crucial factor, since water or enzymes attack mainly the amorphous domains of a 
polymer. The most important is its chemical structure and the occurrence of specific bonds along its chains, like 
those in groups of esters, ethers, amides, etc, susceptible to hydrolysis [15, 16]. Mnt and Mn0, are the number-average 
molecular weight, at a given time t and initially at t=0, respectively. This equation leads to a relationship Mnt =f(t). 
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However, in the design phase of a biodegradable device, it is important to predict the evolution of mechanical 
properties like tensile strength, instead of molecular weight. It has been shown by Vieira et. al. [17] that the fracture 
strength follows the same trend as the molecular weight:   
ıt=ı0*e-ut  (2) 
                                             
The hydrolytic damage can be written, as Vieira et. al. [17], in the form: 
dh=1- ıt/ı0=1- e-ut= 1- e-kEwt  (3) 
1.3. Constitutive Models 
A constitutive model for a mechanical analysis is a relationship between the response of a body (for example, 
strain) and the stress due to the forces acting on this body. A wide variety of material behaviors are described with a 
few different classes of constitutive equations. Mechanical properties of biodegradable plastics are commonly 
assessed within the scope of linearized elasticity, despite the clear evidence that they can undergo large strains. Due 
to the nonlinear nature of the stress vs. strain plot, the classical linear elastic model is clearly not valid for large 
strains. Hence, given the nature of biodegradable plastic, classical models such as the neo-Hookean and Mooney-
Rivlin models for incompressible hyperelastic materials may be used to predict its mechanical behavior until 
rupture, such as the case of non-degraded PLA [18, 19]. For these materials, the work assumption implies the 
existence of a scalar field, the stored energy function W, which is a function of the deformation gradient F. Stored 
energy function, W, can also be represented as a function of the invariants of the left Cauchy–Green stretch tensor. 
In general, the strain energy density for a compressible hyperelastic material is determined by two invariants. The 
first and second invariants of deviatoric part of the left Cauchy-Green deformation tensor are given by: 
IB=tr(B)  (4) 
IIB=1/2[(trB)
2- trB2]1/2  (5) 
where B is the deviatoric stretch tensor (B=FFT). The neo-Hookean compressible hyperelastic model is given by 
stored energy function of the form: 
W=(1/2)(IB-3)+D(J-1)2  (6) 
 where 1 > 0 is the material property, usually called the shear modulus and D is a material constant that depends 
on the compressibility (D=0 for incompressible materials). J is the determinant of the deformation gradient (J=1 for 
incompressible materials): 
J=det(x/X)  (7) 
where x is the current position of a material point and X is the reference position of the same point. Then:
F=J-1/3(x/X)  (8) 
is the deformation gradient with volume change eliminated. An extension to the neo-Hookean is the Mooney-
Rivlin with two material properties 1 and 2 > 0. Higher order stored energy functions, such as the 2nd reduced 
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order, may be considered to predict the experimental data with increasing accuracy. The Cauchy stress for the neo-
Hookean model used in this work will be given by: 
T=( 1/J) dev(B)+2D(J-1)1       (9) 
where 1 is the 2nd order identity tensor  
According to Vieira et. al. [17], the mechanical behavior of the blending of PLA-PCL (90:10) can be represented 
by these hyper elastic models during its degradation due to hydrolysis. The method proposed by Vieira et. al. [17] 
consists on changing the first material parameter with hydrolytic damage, ȝ1(dh), according to a linear regression 
that fit the ȝ1 during degradation. This was determined by fitting the experimental tensile results in terms of stored 
energy with three constitutive models (neo-Hookean, Mooney-Rivlin and 2nd reduced order). In this work, this 
method of predicting the life-cycle of a hydrolytic degradable device was implemented in ABAQUS standard, using 
the neo-Hookean material model in order to simulate a PLA-PCL fiber behavior. This implementation was carried 
out by subroutine UMAT and PYTHON language. Also, it was avoided the violation of the 2nd law of 
thermodynamics by using negative values for the material parameters found in the article of Vieira et. al. [17]. After 
that, the numerical results were compared to the experimental ones. 
2. Methods 
An axisymmetric model was developed, using elements C3D20RH, by means of a script in PYTHON language. 
This script is run by ABAQUS and the degradation time is required as an input parameter data (Fig. 1). The medium 
hydrolysis rate of the material (u) and the strength of the non-degraded material (ı0) are initially set. The material 
was considered nearly incompressible (D=10-3). Then the script calculates the hydrolytic damage (dh) according to 
eq. (3) and the material strength (ıt) according to eq. (2) where is given the degradation time (t). The script also 
calculates the material parameter (C10) as a function of the hydrolytic damage ȝ1(dh), using a linear equation. For 
ABAQUS standard, the material parameter of the neo-Hookean material hyperelastic model is: 
      
C10= ȝ1/2=-163.75*dh+440.46)/2  (10) 
The material strength (ıt) and the material parameters (C10 and D) are considered input data for the UMAT 
subroutine as showed in Fig. 1. Based on the geometry, the loadings and other boundary conditions, ABAQUS 
calculates the variables that correspond to the deformation gradient (x/X). Then, the UMAT calculates the 
Jacobian (J) and the distortion tensor (F) according to eqs. 7 and 8 for each integration point of the finite element 
model. The deviatoric stretch tensor B is then calculated before the calculation of stress Cauchy tensor T according 
to eq. 10. As a failure criterion, the implemented UMAT compares the principal stresses (ı1, ı2 and ı3) to the 
strength (ıt) for each integration point. Whenever these are greater than the strength, in a certain increment, the 
subroutine sets them to zero in the finite element analyzed. Finally, the UMAT constructs the constitutive matrix 
and calculates the result for each increment into the OBD (Output Base Data) file of ABAQUS. The flow chart of 
calculi operations is represented in figure 1.     
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Fig. 1. Flow of operations done by ABAQUS/PYTHON and the UMAT subroutine
3. Results 
Figure 2a shows the mesh of the finite element model and boundary conditions applied, as well as a numerical 
result for maximum principal stress. From figure 2b, one can see that the hyper elastic material model allowed a 
reasonable approximation of the tensile test results reported in the work of Vieira et. al. [17]. It is important to note 
that there is a convergence between the results close to the maximum force value, which is normally used as a 
criterion of design for biodegradable devices. This same methodology was applied to a 3D model of the fiber and 
the results were very similar, quantitatively and qualitatively.   
   
Fig. 2. (a) Maximum principal stress, mesh and boundary conditions; (b) Experimental vs numerical results according of tensile tests to PLA-PCL 
fibers at different stages of hydrolytic degradation;  
(a) (b) 
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4. Conclusions 
Although this method was only tested with this particular blend, the authors believe that this can be extended to 
other thermoplastic biodegradable materials with response similar to hyper elastic behavior. This method can also be 
applied to more complicated 3D geometries, to predict its long-term mechanical behavior. The mechanical 
properties of aliphatic polyester and other biodegradable polymers are commonly assessed within the scope of 
linearized elasticity, despite the clear evidence that they are able, in the majority of the cases, to undergo large 
deformations. When loading conditions are simple and the desired life cycle is known, a “trial and error” approach 
may be sufficient to design reasonable reliable devices. In more complex situations, device designers can use 
numerical approaches to define the material formulation and geometry that will satisfy the initial requirements, 
without the occurrence of any degradation, using conventional dimensioning. However, the lack of design tools to 
predict long term behavior has limited the application of biodegradable materials. The development of better models 
for biodegradable polymers can enhance the biodegradable device design process. The numerical approach
presented here, based on the calculation of one material parameter of neo-Hookean hyper elastic model, that is a 
function of the degradation time , may overcome this limitation and enable a reasonably prediction of the life time of 
complex biodegradable devices. 
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